A 54-year-old woman with a history of multiple cardiac surgeries suffered from hypoxemia caused by a right-to-left intra-cardiac shunt due to coronary sinus (CS) anomaly with persistent left superior vena cava (PLSVC). Both the contrast echocardiography and enhanced computed tomography (CT) provided conclusive diagnosis of this rare congenital anomaly, which was overlooked for a long time. However, an important diagnostic clue was left-arm injection of the contrast media. In the present case, previously performed enhanced CT with its routine manner, i.e., contrast through the right arm, missed this anomaly. It is crucial to note that the unusual type of unroofed CS with PLSVC, presenting with an entirely right-to-left intra-cardiac shunt, cannot be delineated on an enhanced routine chest CT if the contrast media is injected through the right arm.
U nroofed coronary sinus (CS) is a rare congenital cardiac anomaly with a reported prevalence of only 0.1% among all congenital heart diseases. 1) In this pathology, there is a significant communication between the CS and the left atrium (LA) due to complete or partial absence of the roof or septum between the CS and the LA. Other than persistent left superior vena cava (PLSVC), which is complicated with as much as 75% of the cases of this pathology, 1) other complicated malformations could critically affect the clinical manifestations of unroofed CS.
2) Here, we describe an adult case who suffered from hypoxemia due to a variant form of this pathology overlooked for a long time; then, we reemphasize "classical" diagnostic clues and pitfalls of this pathology that we learned from the present case.
Case Report
A 54-year-old woman was referred to our department for evaluation of hypoxemia. She had a history of multiple cardiac surgeries: repair of pulmonary artery stenosis during childhood, repair of ruptured sinus of Valsalva at 25 years of age, and aortic valve replacement at 35 years of age. She underwent aortic valve re-replacement for prosthetic valve regurgitation 13 months ago. She had taken medications for hypertension after the latest surgery. Although hypoxemia was noted before she underwent the latest cardiac surgery, the etiology was considered as transient pulmonary congestion caused by a prosthetic valve regurgitation. Following successful surgery, arterial oxygen saturation of less than 90% at rest on room air was finally recognized as hypoxemia of unknown etiology. Her physical examination was unremarkable, without grade 2/6 systolic ejection murmur heard at the aortic area. A chest radiogram did not show pulmonary congestion. Transthoracic echocardiography revealed abnormal ventricular septal motion, presumably due to postoperative pericardial adhesions. However, there was neither evidence of elevated left ventricular filling pressure nor abnormalities in the postsurgical lesions. Moreover, the CS did not appear dilated on the transthoracic echocardiography. Before the latest surgery, coronary computed tomography (CT) angiography had been performed ( Figure 1) . As per the standard protocol for CT angiography, 3) a contrast agent had been administered through the right arm. There were no significant findings other than the implanted prosthetic mechanical aortic valve and a PLSVC ( Figure 1A -C, arrows). Contrast transesophageal echocardiography using agitated saline was performed to detect the intra-cardiac shunt. To evaluate the right-to-left shunt through the patent foramen ovale, we injected saline through the right arm: A moderate amount of the contrast agent was found in the LA, across the patent foramen ovale. Furthermore, we injected saline through the left arm to examine the un-HYPOXEMIA IN PATIENT HAVING PLSVC Figure 1 . Contrast-enhanced 64-row multi-detector computed tomography (CT; Brilliance 64, Philips Healthcare, Best, The Netherlands) was performed before aortic valve re-replacement for the purpose of coronary CT angiograms. Although it was not fulfilled by contrast medium because contrast was injected through the right arm according to the usual manner of CT angiograms, it could be diagnosed that persistent left superior vena cava (PLSVC; A-C, arrows) drained into the coronary sinus (CS; C, D, arrowheads). However, the other structural intra-cardiac abnormality was not obvious. Ao indicates aorta; LA, left atrium; LV, left ventricle; PA, pulmonary artery; RA, right atrium; RV, right ventricle; and SVC, superior vena cava. . Surprisingly, the majority of the contrast agent injected through the left arm entered the LA ( Figure  2B , dotted arrows) from a curious opening in the crux (Figure 2A , asterisk) connecting with the CS. The contrast agent did not appear in the right heart chambers through the CS, suggesting the diagnosis of a variant type of unroofed CS, with atresia of the CS orifice to the right atrium (RA). 2, 4) Based on these results, enhanced CT images were again obtained by injecting contrast agent through the left arm ( Figure 3 ). First-pass images demonstrated that PLSVC ( Figure 3A -C, arrows) drained into CS ( Figure 3C, D, arrowheads) , and the majority of the contrast agent finally appeared in the LA ( Figure 3C , dotted arrows), confirming our echocardiographic diagnosis. The angiograms and corresponding 3-dimensional CT images are shown ( Figure 4A -C, respectively; and Supplemental Figure) . Since the left innominate vein (LIV) was patent ( Figure 4C , open arrow), we could easily perform a percutaneous transcatheter PLSVC embolization, using Amplatzer Vascular Plug II (St. Jude Medical, Minneapolis, MN, USA) ( Figure 4D ). The patient's hypoxemia improved with arterial oxygen saturation of 94% on room air, and a CT performed three months after the procedure showed a PLSVC occlusion ( Figure 4E) ; thereafter, she has been carefully followed up.
Discussion
In the present case, the PLSVC on the previous CT indicated injection of agitated saline through the left arm for contrast echocardiography, which was a definitive clue to the correct diagnosis of the unroofed CS. Generally, intra-cardiac shunt flow in patients with unroofed CS is expected to be in left-to-right direction; however, its amounts and directions, i.e., either left-to-right or right-toleft, can vary depending on the communication size, the inter-atrial pressure gradient, and complicated malformations. 2, 5) In our patient, there was a curious vascular channel connecting the CS and the LA. This was considered as Sakai, ET AL Figure 3 . Contrast-enhanced 320-row multi-detector CT (Aquilion ONE, Toshiba Medical Systems, Tokyo, Japan) was again performed by injecting contrast through the left arm. In the first-pass images, the PLSVC (A-C, arrows) was well enhanced, and the majority of contrast appeared in the LA (C, dotted arrows) through the CS (C, D, arrowheads). Other than innominate vein followed by SVC, there were some abnormal vascular channels through which a small amount of contrast appeared in RA and RV (B, small arrowheads). Abbreviations as in Figure 1 . an atypical type of unroofed CS. 4) Moreover, she was considered as having atresia of CS orifice, which is also a very rare cardiac malformation, with a reported incidence rate of 0.03% in the general population 6, 7) In the literature 8) reviewing 37 previously described cases with atresia of CS orifice, unroofed CS was complicated in 9 (24%). In the present case, as a result of an unroofed CS complicated with both PLSVC and atresia of CS orifice, venous flow from PLSVC, as well as the coronary vein, drained into the LA, presenting entirely right-to-left intra-cardiac shunt similarly to the previously reported case.
5)
Owing to the recent widespread use of coronary CT angiography, 9, 10) there are some reports describing the incidental identification of unroofed CS in asymptomatic patients on CT imaging. 11, 12) However, it should be kept in mind that the usual timing of CT image acquisition is set to obtain the maximum enhancement of arterial structure. Therefore, when the contrast media is injected through the right arm in patients with unroofed CS and PLSVC, if there is no left-to-right shunt through an unroofed CS, the contrast enhancement cannot be observed in the CS. Hence, in our case, the preoperative coronary CT angiography missed the unroofed CS; thus, significant hypoxemia remained after the latest cardiac surgery.
The contrast echocardiography has been reported as a useful method for diagnosing various types of unroofed CS; 1) moreover, it is more valuable in patients with unroofed CS complicated with PLSVC than in those without PLSVC. On echocardiograms, PLSVC is often suspected in the presence of CS dilatation. However, the CS dilatation in the present case was not significant (10 mm on transesophageal echocardiograms and 11 mm on the CT images 4, 6) ). It might reflect comparatively small amounts of systemic venous blood returning to the LA via PLSVC with a calculated right-to-left shunt fraction of 11%, since LIV was patent as the other venous route to the RA and PLSVC finally drained to the LA, of which the chamber pressure was equivalent to that of RA in the present case (Supplemental Table) . Subsequent to the echocardiographic diagnosis of PLSVC draining into the LA via the unroofed CS, we performed another CT, injecting the contrast media through the left arm. In addition to the confirmation of the echocardiographic diagnosis, the CT images demonstrated the bridging innominate vein, which was clinically valuable information in deciding treatment.
It is not clarified why her hypoxemia became prominent during middle age. Judging from pre-procedural normal intra-cardiac pressure (Supplemental Table) , right heart failure that could exacerbate right-to-left shunt, was not concerned. Thus, we cannot entirely deny that her intra-cardiac shunt flow was iatrogenically caused with retrograde cardioplegia or LA venting at the previous surgeries. However, both details of initial three surgeries and the exact progress of her hypoxemia were not identified since these surgeries were performed more than 20 years ago, and she had been followed up in the other institution for a long time. At the latest surgery, although vent was placed in the LA, retrograde cardioplegia could not be performed since severe cardiac adhesion precluded RA incisions. Furthermore, she had suffered from hypoxemia preceding the latest surgery, suggesting that her intracardiac shunt had existed at least before the latest surgery.
In conclusion, in patients who are clinically suspected to have right-to-left shunts, i.e., systemic desaturation or brain abscess, and who have been already known or assumed to have PLSVC; we should differentiate unroofed CS of various types. Although both contrast echocardiography and CT imaging are valuable for diagnosis of this pathology, it is important to inject the contrast agent through the left arm. It is crucial to note that the unusual type of unroofed CS with PLSVC, presenting with an entirely right-to-left intra-cardiac shunt as in the present case, cannot be clearly delineated on an enhanced routine chest CT if the contrast media is injected through the right arm.
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